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Abstract

Traditionally apoptosisand the apoptotic machinery havebeendeemedasAT OE Z A A Chkdadsé CAT EA
of their presumed roles in eliminating damaged or unwanted cells. However, recent work from our
laboratory and others have shown that the established paradigm is deeply flawed. The fundamental
flaw isthe assumptionthat apoptosis,onceinitiated, is irreversible andinvariably leadsto cell death.
However, there is increasing evidence that cells can survive activation of the apoptotic cascade. This
new revelation about abortive apoptotic cells can damatically change our assessment of the
biological roles of apoptosis.In this brief review, we will cover someofthe original studiesthat report
theO O1 A Apbgidiic cellsand how they lead to unexpectednew roles for apoptotic factors in space
radiation and other stressinduced geneticinstability and carcinogenesisWewill alsoreview exciting
new discoveries on the association among abortive apoptosis, spontaneous DNA double strand
breaks, DNA damage response, and stemness of canualls.
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A. Apoptosis and apoptotic factors in carcinogenesis: the established paradigm

Apoptosis as a term to describe cell death first appeared in the early 1970s(1). Apoptosis reféns

the process of programmed cell death that occurs in multitlelar organisms. Traditionally,

apoptosis is recognized as an essential biological process that is required in early developmental

processesto remove unwanted or damaged cells(2). At the cellular level, apoptosis is characterized

by cellular shrinkage,blisters or bubbles onthe plasmamembrane,chromatin condensation,and

fragmentation of nuclear DNA. A major characteristic of apoptosis that distinguishes it from other

Al oI 6 1T£ AA11 AAAOE OOAE AO 1 AAOT OEOcome® AOOI PEACU
i AT AOAT AZAT OT A Oi Ai 1 Ao AAI 1 O1 AO AEOAci AT 0O AAIT 1T AA .
scavenger cells such as macrophagéghe engulfment of the apoptotic cellsis thought to be

mediated by the membranelipid phosphatidylserine, whichisO A &6 £01 I OEA ET T A0 O
plasma membrane(3). The engulfment of apoptotic cells by macrophages ocsiefore their

cellular contents can be leaked out into surrounding environment, which preventsflammation(4).

At the molecular level, apoptosisis relatively well defined(5). It canoccurthrough either an extrinsic

or an intrinsic pathway. The extrinsic pathway occurs through the engagement of external ligands

01 AAIl OOOEAAA OAAAOE OAAADOI OO6 OOAE oAsten& AOh 4
recruit downstream factors such as FADD and Casp8,which form the deathinducing signaling

complex (DISC) that cleavesAT A AAOEOAOAO #AOPAOGAZyYs | AOEOAOAA

s o~ oA 2 s oA

hundreds of cellular targets that form the basis of the observed apoptotjghenotype.

The intrinsic pathway starts from the mitochondria. Internal cellular stresgssuch as DNA damage

or high ROS induces the permeabilization of the mitochondrial outer membrane, which leads to the

release of the mitochondrial protein SMAC/DIABLO into cytosol. The leaked SMAC/DIABLO then
competitively binds inhibitors of apoptosis (IAP9 and pulls them away from caspasesenabling the

latter to activate. Another major factor that is leakedout of the mitochondria is cytochrome C.In the
cytoplasmfree AUOT AEOT T A # &I O O A AilibplA@ xEOE | PAEZp
termed OEA OADI BDOT 011 Ag8d )1 OEA AbPI pOI O i Ah #AODAOA:
AAOEOAOA Al x1 OOOAAI OAGAAOOEI T AO6 AAOPAOGAO OOAE
OABGAAOOETI T A0O6 AAOPAOAO OEAT Al AAOAGo &iDdedihOPA O 1 £ /
intrinsic and extrinsic pathway can also intersect at the mitochondrial membrane. One example is

OEA AAOEOAOQOETT T &£ #AOPAOAZyh xEEAE Al AAGAO OEA " (
of the mitochondrial membrane and actiation of the intrinsic pathway.

B. wW@EOOAT AA 1T £ OEA 001 AAAA6 ADPI POT OEA AAI T O Al
paradigm.

For many years since the advent of apoptosis as an active field of research, a paradigm was

established that apoptosis is an irreversibleprocess that once initiated, always leads to cell death.

In fact, it is still the prevailing view among most biologists today. As an example of how entrenched

the idea is,apoptotic cell death is still assayedby staining for # A O b Ad@dvdgeor phosphatidy!

serine (PS) staining in most recent scientifiditerature,
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process. In a study from our IETD (casp 8 site) B
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own group on the B Normial Apoptosis 00+ , ; . .

mechanism of the induction “ 0 e o ® Days postOSNLinfocon

of pluripotent stem cells

4 \
from human primary K @ AmvalTspm

fibroblast cells, we showed ©——=

that in cells transduced with 4= E O
reprogramming factors, both ¥ s .. M
# AOPAOAZo AT A  Recogiion lDeslruction l

activated significantly over No or low reporter activities | Increased reporter activities

th? course _Of three. Wegks Figurel.Caspas& &8activatioduringheiPSAnductioprocessA) Aschematic

(Fig. 1, luciferase imaging diagram of a Casp&ser-8 reporterB) Principle of the reporter based on
through the use of a Proteasom@ediategroteimiegradatiolnlyincellsvithCaspr8activatiowill
thereporte(LueGFPfusion) be cleavét D) Quantitativendluciferasanaging
reporter)(6). Some of the of Casp3& 8 activation in IMR90 fibroblast cells transduced with iPSC induction
cells were Clearly lost to cell factors Oct4, Sox2, Nanog,&Lin

death during the

reprogramming process.

(i xAOAOR AU OOAGFH maporikr, it Aé"EﬁK
xAO OET x1 OEAO 1T AT U 1T £
activation actually survive. In fact, in the induced
pluripotent stem cells derived from the : Ry
OAPOI COAi T ETCh EO xAO OHBI xi OEAO #A( AOA%Gh OEA
OADAAOOEI T AO6 AAOPAOAN O1T AGOO
levels persistently. Consistently, Casp3 activation | s
was also observed in the H9 ES cells established Figure 2Western blot analysis of Casp3 &8 in IMR90

cellgransduced with Oct4, Sox2, Nanog, Lin28. Shown
from the human embryonic tissue(7) €ig. 2). Our are data from different time points after gene

finding of the persistent activation of Caspase 3 in (ansductidntothecellsaswelfromaiPSCclong#9)
the ES cells was also confirmed independently by and the H9 ES cell line obtained from Dr. James

AT 1T OEAD ¢cOI 6P OEAO OET WAMRNOMIAVGBRERSN.c DI AUAA

important roles in ES cell differentiation(8).

N P e
%
PP SIS E @

Gerd3 # AOPAOAZoOo
Cleaved casp 3

1 1 z1 chdpdsdadtivation was not only restricted to ESor iPScells.In astudy carried out by Tang
et al (9), it was shown among various primary and transformed cells treatewvith ethanol, even
those that exhibited markers oflate stage apoptosis suctas apparent morphological changes and
DNA fragmentation could still recover if ethanol was removed from the culture media. Such cellular
OAOOOOAAQGETT &OTiI AIT1T00 AAOOAET ahdd OE EAO AAAI

In another study conducted by Ichimet al the authors found that human and mouse cells exposed
to various stresserssuchasstaurosporin, ABT737(aBCL2inhibitor), and TNFa/cyclohexamidecould

0.
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survive with limited mitochondria membrane permeahiliation (limited MOMP) and caspase
activation (10).

Despite the above observations, one can still argue that all the observed phenoraeof cells

surviving caspaseactivations occur under very artificial conditions, mostly in cell culture. That point

was addressed elegantly by a recent study from the Montel grougll). In that study, by use of a

OADPI OOAO | #AOWGPOAOOQ OEAO AAT in OO A AvEs dénnktrathdd OE OA OF
clearly that during development in Drosophila, there were widespread and diverse patterns of

cellular survival. Thosedatathus confirmed the relevanceof sublethal caspaseactivation in aliving

organism.

More recently, work from our group showed that cancercells havespontaneouslyactivated Caspase

3/7 and those cells with low level caspase activation suffered no ill consequences at all in terms of

survival andgrowth (12).

What about the roles of caspases in radiation induced cell death? Radiation has long been known to

induce apoptosisin many cell types suchaslymphocytes(13). However,its role in inducing cell death

in other cell types, including epithelial cellsfrom which most human cances originate, have

OAT AET AA AT 1T OO1T OGAOOEAT jptQ8 )1 1T OAAO O AwAi ET A E
induced cell death,we carried out experimentsto examinethe fate of irradiated mammary epithelial

AR1 1O j-#8&pmn! q xEOE AEEEAOAT O 1 AOAI O #AOPAOAZGoTYX
reporter(15). MCF10A cells were irradiated with diffed T O AT OAO 1T £ @ZOAUO8 4 x AT (
OEA AAI 1 O xAOA Oi OOAA ET AEOEAOGAIT T U ETOT wezZxAIl 1l DI
weeksof culture, the plateswith individually seededMCF10Acellswere then examinedand counted

to determine the numbers of colony formation. To our great surprise, even among those cells with

relatively high levels of Casp3 activation, the cells could still form colonies at robust leveEig. 3).

In a more recent experiment, our lab showOE A O  Iprésiiah Dkl oncogeneMYG which has

been known to induce apoptosis in untransformed cell§16), can also activate Casp3/7 without

killing MCF10A cells(17).

Taken together, these findings indicate that the established concept of Caspase3 activation
invariably leadingto cell death is simply wrong.

C. Consequences of abortive apoptosis: increasing genetic instability

An established paradigm in cancer biologys that apoptosis is a process for organisms to get rid of

damaged cells. Cells with DNA damageofn intrinsic and extrinsic stresses, includingsimulated

space radiation, activate the cellular DNA damage respon$BDR) (18). ATM(19, 20) is a central

player in DDRwhich causescell cyclearrest (e.g.through the p53/p21 axis) and repairs the damaged

DNAj] A8C8 $.! Zz0+ AOT$ Cells wittcdamagethat cabnottberép@iredhstivate ther

apoptotic machinery and dies )1 OEAO EAAAI OAAT AOEi h ADPI BOIT OE.
suppressinggeneticinstability. However,on careful examination of that paradigm, it is obviousthat
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Figure 3. Subethal activation of caspases 3 in MCF10A cells expeasgd #)xDiagram of the caspase 3 reporter gege (lifiz)
ubiquitipolyubiqutin domain that serves as the proteasome recognition signal that causes the rapid degradationnd)the reporter
Irraidated MCF10A cells with low (top panels) and high (lower panels) caspase 3 reporter activities afteSsepaeatimség anFAC
GFPexpressidevels.C). Westerblotanalysisfcaspas8 cleavagandactivatioimcellswithhighandowCasp3EGH@porteactivitie®).

Flow cytometry profiles of MGEASP3EGFP reporter activities in cells exposed to differentalasdéSeatisxvere analyzed 4 days after
irradiation. Cells were gated into 8 different groups for colony forming assays according toitieirsflydessten@EB).E). The
mear(geo)GFMluorescendatensitiesfgatedVICF10A&ellsF).Distributioof MCF10AellSneaclhgateafterdifferentradiatiodosesFor

each radiation

d 0X.€olony kbimind/bititicstdfdm differ@rtgates. Cell from each fluorescence gate were flow

sorted into individual wells-ofefiéplate at 1 cell/well. Three weeks later, the numbers of MCF10A colonies on each plate were count
plottedErrobarsrepreserdtandardeviationAllvaluesrederivedromheaverageftriplicatexperiments.
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a key foundation of the whole paradigm is the assumption that cells that activate the apoptotic
program will carry it through and go into certain death. However, a described in the previous
section, such an assumptions incorrect in many circumstances, including when cells are exposed
to ionizing radiation. How will this new revelation influence our assessment of the roles of
apoptosis in stress induced genetic instability?

From atheoretical point of view, it couldbeagamechange. Thisis becausehe apoptotic machinery,
onceactivated,is programmed not only to cleaveand inactivate hundreds of protein targets, but also to

OUOOAI ACEAAT T U AECAOO 1T OAT AAO $.!' AU OOA T &£ OAOGAOA
formaOET 1T 6 /EOT | detécted by Geleleckrophoresis is a hallmark of apoptosig ¢ p Z ¢ 1 8
Basedon the fact that evenlate stageapoptotic cells could survive (9), it is theoretically possiblethat

surviving cells could activate the apoptotic nucleases and partially damage genomic DNA. Indeed,

several studies have confirmed this hypothesis. In an earlier study, Taeg al showed that cells

exposed to alcohol could initiate apoptosis and survivevith DNA damage induced by the apoptotic

DNA fragmentation procesg9). In another study, Ichimet al showed that cells exposed to different
OO0OAOO OECTI Al O OOAE AO A "Alc¢ ETEEAEOGI O j!"4xoxqh
with extensiveDNAdouble strandsbreaksasindicated by strongr ( ¢ st&ining in surviving cells (10).

A key aspect of these observations is that DNA damage can occur de novo and persistently after the

initial insult.

In terms of radiation, our own study showed that cells exposed to low doses simulated space
OAAEAOQET 1T h OO Afe idn§ conld® gisd subive attithtioh @¢Ethe apoptotic caspases, as

described earlier (15). Most strikingly, the cells that survived irradiation with 56Fe ions contain

significantly elevatedr ( ¢ 'fo8i for an extendedperiod of time, aslong as3 months after radiation

exposure(15). Furthermore, if Caspase 3 was inhibited by either an shRNA or a dominant/negative

Casp3, the pesistent genetic instability induced by radiation was almost completely goneHg.4).

Thoseresults are very significant and highly relevant to the field of radiation biology, especiallyspace

radiation biology. Therelevancycomesfrom the factthat persistent geneticinstability haslong been

AOOAAI EOEAA AO A EAU AOPAAO 1T &£ OAAEAOQEIT ZET AGAARA
However, a convincing mechanism has not been presented despite many years of study. Our study

of caspasesand

downstream A B C
apoptotic DNase g o mao)  p0001
8 _ o 6. EgsGGy p<0.001
that occurs % g5 _L e
.. g 4 Lo
through  limited 2 <, e B4
p=0. 3 -

. . z =0.025
mitochondrial 1 0Gy  0.5Gy|GFRLOWGFRHi % f [ %f - T
membrane MCF104FP | MCFLOAGFP 0 * 0
|eakage_ Such a 056Gy CtrVector ~ Casp3DN shControl  shCasp

. . 056 4|
mechanism,  if - o o

I Figure 4Key roles of caspase Fhe ions induced DNA dam@geRadiation inducad2AX for

proven generally formatiofieftpaneljwoweekpostrradiatioandthecorrelatioofo @ AXformatiowithcaspasélevel:
applicable to (EGFP high and low groupsstioed based on caspase reporter shown in Fig.1, rigBj.
other cell SuppressiafHZEadiatiomduced @AXfociformatiomMCF104&ellsbydominantegativeaspas

) ) 3 (Casp3DN) express@nSuppression of réadiminducenl 2AX foci formation by shRNA me
types/biological caspase Gowmregulation.
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systems beyond those tested in our study, woulgdrovide a plausible mechanistic explanation for a
1TT1CZzO0AT AET ¢ EOOOA ET OAAEAOEIT AEITITTCUS

D. Consequence of abortive apoptosis: Facilitating malignant transformation.

One of the key tenets of currently established paradigm on carcinogenesis is that apogtois
multicellular T O C AT Eepdatwiay to getrid of damagedor faulty cells. Thus evasionof apoptosis

is deemed a hallmark of cancer cell@8). Implicit in the paradigm is that the apoptotic machinery,
especiallythe O A @ A A O akphdedk©Cad A O D Oh 1 Oz O O bEdvenkhoshendekidence
accumulating pointing to Casp3 as a facilitator of genetic instability rather than a suppressor, a key

guestion that begs for an answer is whether Casp3 is also facilitator adrcinogenesis.

Two studies addressed this question head on. In one study, Ichim et al showed that limited MOMP
TTO0 T1T1TU AAOOAO OECI EAZEAAT OI U 1T TOA $.1! Al OAI A 0OOC
apoptotic stress, but also facilitated the malignant transformabn of the exposed cells(10).

In another study, Liu et al showedthat persistent Casp3activation alsoplayedakey role in facilitating
malignant transformation of

MCF10A cells exposed to 0o Gy

simulated space radiation (15). 100" Eg%y w‘ 100" mps Gy pe000L_
The functional importance of 80 % 80 -

Casp3 is demonstrated by the g 60" p<0001 9 60 - p<0 001
fact that soft agar growth from & 40~

MCF10A cells exposed to low 20~ l

dosestFe

ions were significantly g

attenuated when Casp3 were .‘ @ ‘ .. "

inhibited by either shRNA or a

dominant negative  Casp3.
g P Figure 5.Key role for caspase 3 in facilitse?ﬂagions induced oncogenic

Strikingly, if the_ irradiated C?”S transformation as determiiyesbft agar colony formation. Left panels, data from
were injected into nude mice, MCF10Aellsransducedithadominamegativeersiomfcapas@(Casp3DN).
tumor growth was only seenin  Right panels, data from MCF10A cells transduced with an shRNA minigene against

the control group (Fig. 5). caspase.

In afurther experiment, Liu et al also demonstrated the importance of Casp3 in facilitating chemical
AAOAET '|' Q/-\T AOEOS " U OO/-\ I a3 OEA x Al ‘| zAOOAAi EOEAA 8-
when compared with genetically identical mice Fig. 6). A summary diagram of how abortive

APpi pOT OEO AZAAEI EOAOA OAAEAOQEIT zZ Al Bg.AEAI EAAI ZET AO.
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to induce genomic
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induced genetic instability

has been attributed to production of
reactive oxygen species(32). However,
the evidence is controversial (33). Thus
the mechanism for MyZ ET AOAAA
instability remains unknown. In a recent
study by Cartwright et al, it was
demonstrated that exogenous expression
of Myc in MCF10A cells induced activation
Ol #AODPAOAzZoh OEI EI
radiation (17). Moreover, most of those
cells with Casp3 activation did not die and
could actually form colonies. In fact it is in
those cells with high Caspase 3 activities
Myc induced limited MOMP, as evidenced
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Figure6. Chemicalkincarcinogenesiswildtypeandcaspas8deficienE57BL/ice About
twenty wild type and 10 caspaficient mice were treated DMBA (100 pg per me
once and TPA at 2.5ug per mouse twice weekly for 20 weeks. Tumor induction it
followed on a weekly ba@siRepresentative tumor formationaratr2@ weeks post initial
chemicadministratioB. Incidencef papillomais wildtypeandcasp3- mice C. Numbeof
tumors per mouse in wild type and/easp8D.Average tumor volume per mouse in wild
type and casppdniceE. H&E stainirg a typical papilloma fronexperiment.

OAzo

Figure 7.A schematic diag;am illustrating how abortive a|
facilitates stress induced genetic instability and oncogenic tran

Left panel

showthe conventionakcenariowhere mitochondrial

permeabilitchanges leado activationof Casp3and leakageof
endonucleade thatkillsthehost cells. Right panel, on the other
shows partial leakage and survival of the cells with seconda
damage and oncogenic wamsftion (adapted fromeLial Molecular
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Taken together, it is ofCasp3nMydnducedH2AXocinMCF10Aells.B) CriticalolesofendoGnMydnducedH2AX

pretty clear that foci in MCF10A ce@s Essential role of Casp3 in Myc induced transformation of MCF1

. : assessed by soft agar colony giwssential roles of endoG irirdyced transformation

abortive apoptosis, MCF10A ceBI/Is. E) T%mor gro?//vt% from corfoukrielyaressing, and Cagp3KO\Ai1HIMyc over

which involves the expressiong in nude mice. Notice that only wild type MCF10A cells transduced Myc w
sublethal activation of tumors The error bars in B, D, and E represent standard error of the mean (SEXJu& Indicates p

c 3 d doG <0.00l’,**indicatepvalue«lés,***indicateanaIu@O.lSt u dteestvradusedocalculate
aspase and endo the pvalues in B & I§>3.

nuclear migration, play

critical roles in facilitating O A A E AEA i1 EAdA 11 ZAH  Cidducddnalignant transformation of

mammalian cells. That is certainly dramatic departure from the establishgoradigm.

E .T11zCAT AGEA AEEAAOO T £ AAT OOEOA ADPI POI OEOQ(
and stemness of cancer cells

In addition to their unexpected roles in promoting genetic instability and carcinogenesis, our

laboratory recently discovered that caspases antheir downstream factors also play previously

unrecognized roles in established cancer cells. Liu et al discovered that many cancer cell lines

possess limited MOMP spontaneously in the absence of any external strés®). The occurrence of

limited MOMP is evidenced by extensive cytoplasmic staining of cytochrome C. This is in sharp

contrast to untransformed cells where cytochrome C staining mostly stays within the mitochondria

(Fig. 9A&B). As expected, cytochrome C leakage into tlegtplasm also led to Caspase 3 activation,

which was demonstrated by low level Caspase 3 cleavage in several cancer ipfls examined.

Those datawere very surprising given that the tumor cells examined were never exposedto any

stress and were proliferating and apparently healthy. Consistently Casp3activation and EndoG

migraton x AOA AT OOAT AOAA xEOE ET AOAAOGAA (¢! 8 A& AEh

double strand breaks. Further evidence for incurrence of spontaneous DNA damage is persistent

activation of DDR as evidenced by detection of phosphorylated ATM both by stern blot analysis

and immunofluorescencestaining (12).

10
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source of DNA damage, 231 (lower panels) cells. A mito marker antibody was used taathonfbiamGcale ba
; represent20uB) . Per cent age anitoclordiial expression di cytochrenzek y o

Casp3/6/7 triple knockout c. Error bars represent standard error of the mean (SEM). **, p<0.001, when comp
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reduction was observed for A c
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knockout (Fig.9D). More 2000 -
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mice, they formed tumors Fig. 10The effect of deficiencies in cell death and DNA repair factors on tumor form
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parental cells Fig. 10A). 1 morigenic abiliies of weensducedATMKOMDAMB231 cells in nude migeror bars
Equally surprising wasthe  represent SEN6.
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MB231 cells with EndoG/CAD double knockout also grew at significantly reduced rate when
compared with control cells Fig. 10B). This latter result strongly suggests that the DNA double
strand breakswere actually facilitating tumor cell growth, rather than inducing cell cyclearrest. This
further raised the question of the role of DNA damage response in tumor biology. Based on results
from Casp3/6/7 knockout and CAD/EnddGknockout, we would predict that ATM activation playsan
important role in facilitating tumor growth. Our results with ATMknockout- $ ! Z - " celts ghow
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Taken together, our work in established cancer Leaky mitochondria
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F. Summary and tumorigenicitgafcecells.

Molecular factors regulating cell death and DNA repair play central roles in cellular response to
external stressors such as radiation. Thus understanding the precise molecular mechanisms
governingtheir actionsis critical in assessingheir contributions to radiation induced carcinogenesis

or other biological effects.In the pastv Z0 years,the work from our lab and others havesignificantly
changed our views on the biological roles those factors. In addition topending the established
paradigm on those factors, some unexpected novel roles, such as promoting DNA double strand
breaks and stemness of cancer cells have also been discovered. It is to be expected additional new
roles of these important factors will beunveiled in future.
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